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Abstract 
A literature review of studies investigating the topography of nano-indents in ion-implanted 
materials reveals seemingly inconsistent observations, with report of both pile-up and sink-in. 
This may be due to the crystallographic orientation of the measured sample point, which is 
often not considered when evaluating implantation-induced changes in the deformation 
response. Here we explore the orientation dependence of spherical nano-indentation in pure 
and helium-implanted tungsten, considering grains with <001>, <110> and <111> out-of-plane 
orientations. Atomic force microscopy (AFM) of indents in unimplanted tungsten shows little 
orientation dependence. However, in the implanted material a much larger, more localised pile-
up is observed for <001> grains than for <110> and <111> orientations. Based on the 
observations for <001> grains, we hypothesise that a large initial hardening due to helium-
induced defects is followed by localised defect removal and subsequent strain softening. A 
crystal plasticity finite element model of the indentation process, formulated based on this 
hypothesis, accurately reproduces the experimentally-observed orientation-dependence of 
indent morphology. The results suggest that the mechanism governing the interaction of 
helium-induced defects with glide dislocations is orientation independent. Rather, differences 
in pile-up morphology are due to the relative orientations of the crystal slip systems, sample 
surface and spherical indenter. This highlights the importance of accounting for 
crystallographic orientation when probing the deformation behaviour of ion-implanted 
materials using nano-indentation.  
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Main text 
Ion-implantation is commonly used to mimic irradiation damage in materials. This cost-
effective technique allows examination of specific irradiation factors. For example helium-
implantation introduces irradiation-like defects, while enabling examination of the interaction 
of these defects with the implanted helium [1]–[3]. Similarly self-ion implantation has been 
extensively employed to emulate the cascade damage caused by neutron irradiation [4], [5].   
Nano-indentation is often used to gain insight into the mechanical properties of the few-micron-
thick ion damaged layers. Marked changes in pile-up morphology around nano-indents have 
been observed in irradiated materials, even for low damage levels. A review of several studies 
reveals seemingly contradictory observations. For example, large pile-up around 250 nm deep 
Berkovich nano-indents was observed in 0.3 at.% helium-implanted W-1 at. % Re [6]. But for 
HT9 ferritic/martensitic steel, implanted with both helium and protons, there was no noticeable 
difference in indent surface profile [7]. A suppression of pile-up was noticed around indents in 
2 MeV W+ ion implanted W-5 wt%Ta (0.04 dpa) [8]. On the other hand Fe+ implantation of 
Fe-12 wt%Cr lead to a distinct increase in pile-up [9].  
This raises the question why implantation with helium or self-ions causes pile-up increase in 
some materials and suppression in others. Generally, pile-up and sink-in are, respectively, 
associated with low and high strain-hardening potential [10], [11]. Different annealing 
conditions could lead to differences in strain-hardening potential and consequently different 
surface profiles. Interestingly, nano-indentation in annealed single crystals has shown a strong 
dependence of the deformation pattern on the crystallographic orientation of the crystal [12]–
[14]. This was also seen in atomistic simulations concentrating on the early stages of nano-
indentation in fcc crystals [15].  
In most nano-indentation studies of ion-implanted material crystallographic orientation is not 
considered. This raises the question whether the pile-up morphology and consequently the 
measured hardness may be orientation-dependent. If this is the case, then conclusions drawn 
from indentation of material with unknown crystal orientation could be misleading.   
Here we concentrate on tungsten, the main candidate material for fusion reactor armour due to 
its high melting point (3422 °C) and strength at high temperature [16]–[18]. Helium-defects 
are known to cause substantial property changes in tungsten, e.g. increased hardness [19], 
lattice swelling [1], [2], [20] and reduced thermal diffusivity [21]. Recently, comparing 
spherical nano-indents in 0.3 at.% helium-implanted and unimplanted parts of the same 
tungsten <001> single crystal, we found a large, localised increase in pile-up around indents in 
the helium-implanted material [22]. Here, we examine whether this helium-induced change in 
pile-up morphology is dependent on grain orientation.  For each crystal orientation, besides the 
indent surface morphology, the deformation field beneath specific indents is investigated using 
a physically-based crystal plasticity finite element (CPFE) model.  
A tungsten poly-crystal (99.99% purity, ~180 µm grain size) was recrystallised at 1400 °C. 
The surface was mechanically ground and then polished using diamond paste. Final chemo-
mechanical polishing with 0.1 µm colloidal silica suspension produced a high quality surface 
finish. Part of the sample was implanted with helium at the National Ion Beam Centre, 
University of Surrey, UK. Implantation was performed at 298 K using a 2 MeV ion accelerator 
and a raster scanned beam to ensure a uniform implantation dose. The implantation profile, 
estimated using SRIM [23] (displacement energy of 68 eV, single-layer calculation model 
[24]), is shown in Appendix A. Using a combination of different ion energies and fluences 
(Appendix B) an almost uniform helium ion concentration > 3000 appm (associated damage 
of ~0.24 dpa) was obtained within a ~2.8 µm thick implanted layer. Frenkel pair formation is 
likely to be the main damage mechanism as helium-implantation-induced recoils have 
predominantly low energy [2]. Little defect clustering is expected given that vacancies in 
tungsten have low mobility at room temperature [25]–[27].  
Using electron back-scatter diffraction (EBSD), grains with near <001>, <110> and <111> 
orientation were selected in both the unimplanted and implanted regions of the sample.  
Table 1 shows the out-of-plane orientations of the twelve selected grains and their 
misorientation with respect to the perfect <111>, <110> or <001> out-of-plane direction. 
Implanted part 
of sample 
Euler Angles 
(𝝋𝟏, 𝝋, 𝝋𝟐)
a 
Out-of-plane 
orientation 
Misorientation with 
<001> or  <011> or 
<111> (in degrees) 
(001) Grain 1 290.4,13.5,74.7 [22.52,6.16,97.24] 13.5 
(001) Grain 2 42.6,9.6,301.3 [14.25,8.66,98.6] 9.6 
(011) Grain 1 351.1,37.4,358.2 [1.91,60.1,79.44] 7.69 
(011) Grain 2 161.3,35.3,190 [-10.03,-56.91,81.6] 11.62 
(111) Grain 1 40.3,56.8,312.9 [-61.3,56.96,54.76] 2.69 
(111) Grain 2 51.3,49.7,320.7 [-48.31,59.02,64.68] 6.75 
Unimplanted 
part of sample 
Euler Angles 
(𝝋𝟏, 𝝋, 𝝋𝟐) 
Out-of-plane 
orientation 
Misorientation with 
<001> or  <011> or 
<111> (in degrees) 
(001) Grain 1 267.1,8.1,273.9 [-14.06,0.96,99] 8.1 
(001) Grain 2 151,11.9,32 [10.93,17.49,97.85] 11.9 
(011) Grain 1 290.7,38,273.3 [-61.46,3.54,78.8] 7.33 
(011) Grain 2 168.6,42.3,4.7 [5.51,67.07,73.96] 4.22 
(111) Grain 1 186.5,46.5,323.6 [-43.05,58.38,68.84] 10.57 
(111) Grain 2 34.6,48.3,132.2 [55.31,-50.15,66.52] 6.79 
 
Table 1 - List of the out-of-plane orientation and misorientation of the twelve grains 
considered in this study. Misorientation is calculated with respect to the perfect <111>, 
<110> or <001> out-of-plane direction.  
 
Four 500 nm deep spherical nano-indents were made for each orientation for both implanted 
and unimplanted areas (MTS NanoXp, Synton ~4.2 μm radius diamond tip, 50 µm spacing 
between indents). Use of a spherical indenter tip removes the additional complexity of in-plane 
indenter orientation relative to the crystal associated with non-rotationally symmetric tips, e.g. 
Berkovich. SEM micrographs (Zeiss Merlin FEG SEM) of the nano-indents in <111>, <001> 
and <110> grains in the helium-implanted and unimplanted material are shown in Appendix 
C.  They clearly show that consistent results are obtained across the indents for each crystal 
orientation.  
To quantify pile-up morphology, AFM was carried out on one indent per grain orientation in 
the implanted and unimplanted material (Figure 1). AFM measurements were done in contact 
mode using a Digital Instruments Dimension 3100 AFM with Bruker CONTV-A tips (10 nm 
nominal tip radius). Little difference is seen between indents in different grains of the 
unimplanted sample (Figure 1 (d)-(f)). However, in the implanted samples there are striking 
orientation dependent variation in pile-up morphology (Figure 1 (j)-(l)). The <001> grain 
shows the characteristic large pile-up and distinct slip steps we previously observed [22]. 
                                                 
a The Euler angle convention used is as follows: Z(1)= [
cos 𝜑1 sin 𝜑1 0
− sin 𝜑1 cos 𝜑1 0
0 0 1
]; X = [
1 0 0
0 cos 𝜑 sin 𝜑
0 − sin 𝜑 cos 𝜑
]; Z(2) = 
[
cos 𝜑2 sin 𝜑2 0
− sin 𝜑2 cos 𝜑2 0
0 0 1
] and the rotation matrix R = Z(1)*X*Z(2). 
Surprisingly indents in <011> and <111> grains, though in the same polycrystalline implanted 
sample, show very little pile-up. Indeed comparing AFM measurements of indents in <011> 
and <111> grains of the unimplanted and helium-implanted material could lead to the incorrect 
conclusion that helium does not significantly modify the deformation behaviour of tungsten.  
 
Figure 1 - Surface profiles of residual out-of-plane displacement after indentation.  CPFE 
simulations for the unimplanted (a) – (c) and the helium-implanted sample (g) – (i) for <001>, 
<011> and <111> out-of-plane crystal orientations respectively. AFM for the unimplanted (d) 
– (f) and the helium-implanted sample (j) – (l) for <001>, <011> and <111> out-of-plane 
crystal orientations respectively. The AFM micrographs have been rotated to match the in-
plane orientations as labelled on the CPFE plots. The colour scale and 5 µm scale bar are the 
same for all plots. Although the indent depth below the surface, after unloading, is ~400 nm, a 
colour-scale of -150 to 150 nm is used as we concentrate on investigating pile-up morphology 
on the sample surface. 
  
 
Orientation-dependent differences are also seen in the load-displacement curves shown in 
Figure 2. Each curve is the average the load-displacement response recorded from the four 
indents per orientation. In the unimplanted grains there is little difference between the different 
crystal orientations. In the helium-implanted material, on the other hand, the load for <001> 
orientation is ~20% higher than for <011> and ~30% higher than for <111>.  
To explore the origin of the orientation-dependence of indentation behaviour in the helium-
implanted material we consider a CPFE model of the indentation process. Recently we 
developed a CPFE formulation to simulate nano-indentation of a helium-implanted <001> 
oriented tungsten single crystal [28]. The formulation is based on a hypothesis derived from a 
comparative study of nano-indentation and micro-beam Laue diffraction measurements 
performed on helium-implanted and unimplanted parts of a tungsten <001> crystal [22]. Here, 
we use the same CPFE formulation with the appropriate orientation matrix to simulate 
indentation of the <011> and <111> grain of the polycrystalline tungsten sample. All other 
parameters of the model were kept constant. Below we briefly discuss the model and the 
underlying hypothesis and further details can be found elsewhere [28].  
Micro-beam Laue diffraction measurements of the deformation zone beneath indents in a 
<001> single crystal, showed a more tightly confined plastic zone in the helium-implanted 
sample than in the unimplanted material [22]. Increased pile-up, slip steps and increased 
indentation load were observed in the implanted material. Based on these observations, we 
hypothesised the following mechanism for the interaction of glide dislocations and helium-
implantation-induced defects (known to consist predominantly of Frenkel pairs that cannot 
recombine as helium occupies the vacancy [2]). We propose that initially, helium-defects 
strongly obstruct gliding dislocations and cause a pronounced hardening. However, with 
progressive deformation, passing dislocations facilitate release of helium from the defect 
cluster and consequently recombination of Frenkel pairs. Reduced defect density channels are 
thus formed that allow easier propagation of subsequent dislocations. This leads to a 
localisation of deformation, which in turn is the origin of the large pile-up and slip steps 
observed for the <001> orientation. A model based on this hypothesis was implemented in a 
CPFE user material subroutine (UMAT) for Abaqus where strain softening was applied to the 
helium-implanted layer.  
 Figure 2 – Load versus displacement curves (a) unimplanted sample and (b) helium-implanted 
sample for the <001>, <011> and <111> from the nano-indentation experiment and CPFE 
simulation superimposed. The solid curves i.e. those measured from nano-indentation 
experiment are the average of twelve measurements performed on four different indents (three 
measurements on each).  
 
The UMAT is based on a user-element developed by Dunne et al. [29] and is founded on the 
theory of multiplicative decomposition of the deformation gradient into elastic and plastic 
components [30-31]. Briefly, the CPFE formulation constrains slip to applicable slip-systems 
(assumed to be the 12 {110} slip planes with a/2<111> slip vector directions [32]). The slip 
rate is governed by a physically-based constitutive law that considers the glide of thermally 
activated dislocations in a field of pinning obstacles [29]. Taylor hardening is implemented, 
where the critically resolved shear stress (CRSS), with initial value 𝜏𝑐
0, is increased as a 
function of evolving densities of geometrically necessary dislocations (GNDs) [33]. The CRSS 
in the unimplanted sample is 𝜏𝑐
 = 𝜏𝑐
0 +  𝐶𝐺 𝑏𝜆√𝜌𝐺𝑁𝐷. A modified form of this equation is 
used in the helium-layer; 𝜏𝑐
 = 𝜏𝑐
0 +  𝐶𝐺 𝑏𝜆√𝜌𝐺𝑁𝐷 +  𝜏𝐻 
 where the additional 𝜏𝐻 
 term accounts 
for the increased resistance to dislocation glide due to helium-defects. To account for the strain 
softening, 𝜏𝐻
  is reduced at the end of each time increment, ∆𝑡, if the material point was 
deformed plastically. The reduction in 𝜏𝐻 
  represents the gradual formation of defect-free 
regions, and consequently easier dislocation glide. 𝜏𝐻 
  is considered to be a function of the total 
accumulated crystallographic slip and the rate at which it decreases is estimated to be 
proportional to its current value i.e. the current helium-defect concentrationb. This suggests an 
exponential softening: 
 𝜏𝐻 
𝑡 = 𝜏𝐻 
0 𝑒−(𝛽𝑝
𝑡 𝛾⁄ ) (1) 
 𝛽𝑝
𝑡+∆𝑡 =  𝛽𝑝
𝑡 + ∑ ?̇?𝑝
𝜆∆𝑡
𝑛
𝜆=1
 (2) 
 
where ?̇?𝑝
λ is the crystallographic slip rate on slip system 𝜆 , 𝛽𝑝
𝑡  and 𝛽𝑝
𝑡+∆𝑡 are the total 
accumulated crystallographic slip, summed over all slip systems, at the start and end of the 
time increment, and 𝜏𝐻 
0  is the initial value of 𝜏𝐻 
 . Only three UMAT parameters were fitted to 
the nano-indentation and AFM results of the <001> grain: the initial unimplanted CRSS, 𝜏𝑐
0, 
the hardening prefactor 𝐶 and only one additional parameter for the helium-layer, the softening-
rate γ. All other UMAT parameters, including 𝜏𝐻 
0  were physically-derived, or taken from 
literature values [28] .  
The geometry for CPFE simulations was a 3D, 20×20×20 µm3 sample block and a 4.2 µm 
radius spherical indenter simulated in Abaqus (Dassault Systèmes, Providence, RI, USA). 
Based on symmetry, for the <001> and <011> grains, the model simulated one quarter of the 
experimental setup. For the <111> grain, a model simulating a third of the experimental setup 
was used. The 20 µm high block was partitioned into two layers: a 3 µm thick top layer and 17 
µm thick bottom layer. When simulating indentation on the helium-implanted tungsten, the top 
layer was assigned material parameters of implanted tungsten and the bottom layer that of pure 
tungsten. The indenter was subjected to a displacement of 0.5 µm into the sample block. A 
structured finite element biased mesh with >39500 20-noded quadratic hexahedral elements 
with reduced integration was used (C3D20R) (Appendix D); with an element size of 50 nm at 
the indent.  
The simulated indent surface-profiles, after unloading, for both samples are shown in Figure 1. 
The AFM micrographs in Figure 1 are rotated to have the same in-plane orientation as the 
profiles predicted by CPFE. The simulated load-displacement curves for each grain orientation 
in both the implanted and unimplanted samples are shown superimposed on the experimental 
measurements in Figure 2. A good quantitative agreement is observed between CPFE and 
experimental results for the unimplanted sample, particularly evident in the load-displacement 
curves. Four, two and three-fold symmetry can be seen in the CPFE predicted surface profiles 
of the (001), (011) and (111) grains respectively (Figure 1 (a)-(c)).  
 
The CPFE model reproduces the experimental pile-up for all three grains in the implanted 
sample remarkably well.  In particular, the model captures the much lower pile-up in the <011> 
and the <111> grains compared to the <001> grain. In terms of the mechanical response, the 
<001> grain reaches ~14% higher load than the <011> and <111> grains; with the latter two 
producing a very similar load response. It is important to note here that the parameters of the 
model were determined solely based on the indentation results of the <100> oriented crystal. 
For the simulations of the <011> and <111> oriented grains all parameters except for the input 
crystal orientation were kept unchanged.  
Anisotropy in indentation behaviour has been previously noted in ∝-Ti [35] and Be [36] 
polycrystals, where modulus and hardness decreased significantly with increasing angle of 
inclination between the c-axis and the indentation axis. Orientation-dependent mechanical 
                                                 
b 
𝜕𝜏𝐻
𝜕𝛽𝑝
 |
𝑡+∆𝑡
= −𝜏𝐻/𝛾 
performance has been seen in tungsten too, where the <001> single crystal was found to be the 
best performing kinetic energy penetrator, owing to favourable slip during loading and shear 
localization [37]. It is interesting that orientation-dependent differences in indentation response 
are as pronounced at the nano-scale. The results highlight the importance of determining the 
crystallographic orientation of the ion-implanted sample for accurate evaluation of the ion-
induced alteration in deformation behaviour.  
Quantitative agreement between CPFE predictions and experimental results for the implanted 
sample inspires some confidence in the hypothesis that localised deformation through slip 
channels, formed by dislocations interacting with helium-defects, can cause the large pile-up 
and increased hardening. In the 1960s’ Makin et al. proposed a mathematical theory linking 
the creation of large pile-up and slip-steps to an accelerating fall in the force resisting 
dislocation glide [38]. As the defect reduction rate will depend on the number of defects, an 
exponential decrease in 𝜏𝐻
  as implemented in the CPFE formulation in Eq. (2), is reasonable. 
The model uniquely captures the four-fold pile-up increase in the <001> grain in the implanted 
samples, affirming the strain-softening hypothesis. Strain-softening and consequent slip 
channel formation in irradiated materials, both fcc and bcc, has been experimentally observed 
in numerous studies  [39]–[41]. This is of particular concern as it may lead to untimely failure 
due to loss of ductility. 
The CPFE predictions also provide further insight into the underlying deformation zone 
beneath indents. Comparison of the field of effective plastic strain beneath indents in each grain 
for both samples (Figure 3) shows an orientation-independent trend. The deformation field 
becomes more confined near the indent in all grains in the implanted material, compared to a 
more widespread deformation zone in the unimplanted material. 
Put together, these results, suggest that the underlying mechanism responsible for the modified 
behaviour of the implanted material, i.e. the interaction of dislocation with helium-induced 
defects, is orientation-independent. The changes in the pile-up morphology for different crystal 
orientations are simply a product of the relative orientations of the active slip systems, the 
indenter and the sample surface.  
In summary, we have examined the effect of helium-implantation in grains of three different 
orientations. It was found that the (001)-oriented grains showed ~70% increased hardness and 
~172% increased pile-up compared to unimplanted tungsten. In contrast, the (011) and (111) 
grains show negligible change in pile-up and only a ~30% increase in hardness compared to 
the unimplanted sample. CPFE based on the application of strain-softening in the helium-
implanted layer, was able to reproduce the experimental results for all three grains with 
surprising accuracy. The fact that significantly different indentation behaviour is observed for 
different grain orientations in the implanted material highlights the importance of considering 
crystal orientation when interpreting nano-indentation data.  
 
 
Figure 3 – A comparison of the effective plastic strain (in logarithmic scale) beneath indents 
in all three grains for both the unimplanted and the helium-implanted sample as predicted by 
the CPFE simulation. In each case, the strain is shown on the YZ, XZ and the XY cross-sections 
from left to right.  
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Appendix A 
Figure A.1 shows the helium-implantation profile as performed on part of the tungsten 
polycrystalline sample at room temperature.  
 
 
Figure A.1 - (a) Helium-implantation profile predicted by SRIM for the ion-implanted part of 
the tungsten sample.  
  
0.00
0.10
0.20
0.30
0.40
0
1000
2000
3000
4000
0.00 2.00 4.00
D
am
ag
e 
(d
p
a)
In
je
ct
ed
 io
n
s 
(a
p
p
m
)
Depth from surface (μm)
injected ions
(appm)
damage (dpa)
Appendix B 
Table B.1 shows the different ion energies and fluences used for helium-implantation. 
Ion Energy 
 (MeV) 
Fluence  
(× 𝟏𝟎𝟏𝟓 ions/cm2) 
0.05 2.40 
0.1 1.80 
0.2 4.20 
0.3 1.20 
0.4 4.80 
0.6 5.20 
0.8 5.00 
1 5.00 
1.2 5.00 
1.4 5.00 
1.6 5.50 
1.8 7.00 
2 5.00 
 
Table B.1 – List of 12 ion energies and fluences used for helium-implantation. 
 
Appendix C 
 
SEM micrographs of Indents 
Figure C.1 and Figure C.2 show SEM micrographs of the spherical indents made in <001>, 
<011> and <111> grains in the unimplanted and helium-implanted sample respectively. Four 
indents were made for each orientation in each sample (with 50 µm spacing between indents 
for indents in the same grain). SEM micrographs of the indent topography show consistent 
results across each orientation and implantation condition.  
 
 
Figure C.1 – SEM micrographs of four indents in (a) <001>, (b) <011> and (c) <111> grains 
in the unimplanted sample; The SEM micrographs have been rotated to match the in-plane 
crystal orientation as indicated by dotted black labelled arrows.  
 
Figure C.2 - SEM micrographs of four indents in (a) <001>, (b) <011> and (c) <111> grains 
in the helium-implanted sample; The SEM micrographs have been rotated to match the in-
plane crystal orientation as indicated by dotted black labelled arrows.   
 Appendix D 
 
 
Figure D.1 – Rendering of the finite element mesh used for 3D crystal plasticity simulations of 
the tungsten sample indented by a 4.2 m radius spherical indenter (a) one-third model for the 
<111> orientation and (b) quarter model for the <001> and <011> orientations. The X, Y, Z 
coordinate frame used throughout this work is superimposed. 
 
Details of the CPFE formulation 
Details about the formulation can be found elsewhere [28]. The values for the material 
properties used in the formulation is provided below in Table D.1. 
 
Material Property Value Reference 
Elastic modulus E 410 GPa [42]–[44], [46] 
Shear modulus G 164.4 GPa [42]–[44], [46] 
Poisson’s ratio 𝜐 0.28 [42]–[44], [46] 
Burgers’ vector b 2.7 × 10-10 m [47] 
Stress boundary conditions 𝜎𝑥𝑥
𝐵𝐶 =
 𝜎𝑦𝑦
𝐵𝐶  
-262.704 MPa Details explained in section 1 
𝜏𝐻
0  750 MPa [28] 
Helmholtz free energy ∆𝐹 0.85 eV  [28] 
Boltzmann constant k 1.381 × 10-23 J/K [48] 
Temperature T 298 K 
Room temperature assumed 
similar to experimental conditions 
Attempt frequency ν 1× 1019 s-1 [49] 
Density of statistically stored 
dislocations, 𝜌𝑆𝑆𝐷 
1 × 1010 m-2 [28] 
Density of mobile dislocations 𝜌𝑚 1.75× 10
13 m-2 [28] 
Probability of pinning Ψ 0.657 × 10-2 Value chosen and kept fixed 
𝜏𝑐
0 360 MPa Fitted to experimental data of 
unimplanted sample 
𝛾 0.025 Fitted to experimental data of 
helium-implanted sample 
𝐶′ 0.0065 Fitted to experimental data of 
unimplanted sample 
Table D.1- List of parameters used in the constitutive law in the CPFE formulation and their 
corresponding values. 
1. Applied Boundary Conditions 
The boundary conditions applied to the indentation model in Abaqus included symmetric XZ 
and YZ planes, a traction free top surface, and fixed displacement and rotation boundary 
conditions on the remaining surfaces. An additional boundary condition was applied to the 
helium-implanted layer to account for helium-implantation induced residual stresses. Detailed 
description of the method of calculation of residual stresses generated by helium-implantation 
can be found elsewhere [1]. Briefly, the residual stresses can be expressed as a function of the 
out-of-plane lattice swelling i.e. 𝜀𝑧𝑧
  induced by helium 
 
𝜎𝑥𝑥
𝑟 =
−𝐸𝜀𝑧𝑧
 
3(1 + 𝜈)
= 𝜎𝑦𝑦
𝑟  (D.1). 
 
In a prior study, on a 001-single crystal tungsten implanted with helium under similar 
conditions, 𝜀𝑧𝑧
𝑑𝑒𝑣, the deviatoric component of the out-of-plane strain, was measured by white-
beam Laue diffraction [22]. Here 𝜀𝑧𝑧
  is estimated from this prior obtained 𝜀𝑧𝑧
𝑑𝑒𝑣 ; 𝜀𝑧𝑧
 =
 3 2 𝜀𝑧𝑧
𝑑𝑒𝑣⁄  . It is assumed that 𝜀𝑥𝑥
  and 𝜀𝑦𝑦
  component of the total strain tensor is zero, 
(deformation along X and Y directions are restricted in order to maintain geometrical continuity 
between the implanted layer and the substrate). Knowing 𝜀𝑧𝑧
𝑑𝑒𝑣 in the helium layer to be ~ 530 
× 10-6, 𝜎𝑥𝑥
𝑟 =  𝜎𝑦𝑦
𝑟  are computed to be -260 MPa.  
2. Scaling with effective modulus 
The sample block was assigned elastic properties of tungsten i.e. elastic modulus of 410 GPa 
and Poisson’s ration of 0.28 [42]–[44]. The indenter, designed as a discrete rigid wire frame  
was not assigned any material properties. This was done to avoid a full meshing and to allow 
increased simulation size. The material properties of the diamond indenter tip (with modulus 
of 𝐸𝑖 =1143 GPa) used in the experiment, was accounted for in the simulation by scaling the 
results with an effective modulus Eeff (322.58 GPa), where,  
1
𝐸𝑒𝑓𝑓
=  
1−𝜈𝑊
2
𝐸𝑊
+
1−𝜈𝑖
2
𝐸𝑖
 [45].  
𝜏𝑐
 = 𝜏𝑐
0 +  𝐶𝐺 𝑏𝜆√𝜌𝐺𝑁𝐷 +  𝜏𝐻
             (D.2) 
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